The growth of metallic silver films by aerosol-assisted chemical vapor deposition at atmospheric pressure for use as thin film electrodes or reflective layers in optoelectronic stacks has been studied using the self-metallization of silver ( Nanocrystallite diameter was directly proportional to film thickness, such that control over thickness enabled control over surface texture, electrical resistivity and specular optical reflectivity.
Introduction
Metallic silver thin films are highly useful and pervasive materials on account of their exceedingly low electrical resistivity (ρ = 10 -4 -10 -6 Ω cm), high reflectance in the 2 visible and near IR range, and antimicrobial activity. As such, they can be found within devices spanning a wide range of applications such as low thermal emissivity coatings, 1 giant magnetoresistant multilayer structures, 2 antimicrobial coatings in biomedical appliances, 3 and as low work function reflective electrodes in photovoltaic cells, 4 information displays 5 and, more recently, flexible 6 and transparent 7 optoelectronics. Silver film deposition is usually achieved by electrodeposition, 2 metalorganic chemical vapor deposition (MOCVD) 8 or magnetron sputtering (MS), 1, 3, 4 though of these, only CVD offers textured silver films as-deposited due to the island growth process, [9] [10] [11] which is particularly desirable for photovoltaic and antimicrobial applications. 12 It is generally expedient for industrially-scalable deposition processes to minimize cost by avoiding vacuum deposition methods such as MOCVD and MS, however atmospheric-pressure thermal CVD (APCVD) of silver films is virtually unheard of due to a lack of available precursors with suitably high vapor pressures. 8 High-performance silver thin films have been deposited at atmospheric pressure using flame-assisted CVD (FACVD), 13 however this technique is typically limited to smallscale sample preparation due to significant temperature variations, and therefore nonuniformity in the deposited films, being intrinsic to the method. 14 Aerosol-assisted chemical vapor deposition (AACVD) is an atmosphericpressure alternative to thermal APCVD which avoids the requirement of thermal APCVD that precursors should be appreciably volatile by instead generating an aerosol from a solution of the precursor. 15, 16 It follows that AACVD enables a safer and wider selection of precursors, without many of the inherent hazards associated with thermal CVD precursors such as being corrosive, explosive, highly flammable or posing a risk to human health via inhalation. 14, 17, 18 AACVD has thus enabled the deposition of a range of films of metallic, 9,10 polymeric 19, 20 and metal-oxide [21] [22] [23] compositions. Until now, AACVD of silver films has largely been led by Molloy et al., [24] [25] [26] having been achieved by an exhaustive process of precursor preparation, with mixed results with regard to film contamination, conductivity and reflectivity. Molloy et al. have identified several precursors to silver film deposition on glass which successfully yield reflective and/or electrically conductive films. A summary of the best-performing Ag film precursors from the literature is given in Table 1 . An arbitrary
Figure-of-Merit (FOM) related to Haacke's equation 27 has here been devised to quantify the best combination of the two most desirable properties of silver films, optical reflectance and electrical resistivity, such that FOM = R/ρ, where R is the 3 reflectance as a percentage and ρ is the electrical resistivity. Films deposited using silver(I) perfluorobutyrate and silver(I) perfluorooctanoate had some of the best resistivities (ρ=3.8×10 -6 and 3.8×10 -5 Ω cm, respectively), though were not reflective.
Phosphine-substituted Ag(I) complexes gave the best FOM, with FOM = 8.9×10 6 and 20×10 6 Ω -1 cm -1 for 1,1,1-trifluoro-2,4-pentanedionato(triphenylphosphine)silver(I) and 1,1,1,5,5,5-hexafluoro-4-(n-hexylimino)-2-pentanonato(triphenylphosphine)silver(I) respectively. In all cases however, the onset of thermal decomposition in the range 100-200 °C meant that depositions could only be carried out at relatively low temperature and thus, with AACVD being a diffusion-limited process (precursor vapor adsorption to substrate, migration of precursor to nucleation site, then desorption of by-products), 17 the film growth rates were low. In addition, no authors have yet been successful in reporting AACVD of both electrically conductive and optically reflective thin films from a commercially readily available silver precursor, such as silver pivalate, silver acetate 25 or silver nitrate. 28 From this assessment, it appears that fluorinated organosilver precursors are particularly favourable for metallic silver deposition, and indeed have previously been studied for their self-metallising decomposition pathways by which the silver component is reduced by its ligands. 8, 29 However, metal trifluoromethanesulfonates (triflates) have hitherto been largely overlooked for CVD applications, in spite of appearing to be favourable for AACVD due to their high thermal stability and solubility, 23, 30, 31 as well as being cheap, safe and easy to handle and store, and readily commercially available. In this paper we thus explore the deposition of reflective and electrically conductive metallic silver thin films directly onto glass substrates via AACVD from silver(I) triflate, the structure of which is shown in Figure   1 . 
General procedure
In a typical experiment, silver(I) triflate (0.5 g, 2 mmol) was dissolved in methanol (30 mL) with stirring for ca. 10 min. The precursor solution was transferred to a glass bubbler for deposition. Glass substrates were cleaned prior to deposition with detergent, isopropyl alcohol and acetone in order to remove grease and debris from the surface. The apparatus used for the deposition of silver films is illustrated in a schematic in Figure 2 
Characterization details
Thermogravimetric analysis (TGA) was performed under helium using a (284.5 eV) and fitted using CASA XPS software.
Specular reflectance was carried out using a Filmetrics F20 spectral reflectance system against a Si wafer standard.
Scanning electron microscope images were recorded on a JEOL JSM-6301F
SEM at an acceleration voltage of 5 kV.
Hall effect measurements were taken at room temperature using the van der Pauw four-point probe configuration in order to determine the resistivity of the films.
The measurements were performed on an Ecopia HMS-3000 instrument with a 0.58
T permanent magnet and a current of 1 μA, using square-cut coupons (ca. 1 × 1 cm)
of the deposited films.
Results

Thermogravimetric analysis of the silver(I) triflate precursor
Thermogravimetric analysis (TGA) was used to determine the decomposition behaviour of the silver(I) triflate precursor at high temperature under an inert (He)
atmosphere; the resulting mass loss curve and its first derivative are shown in Figure   3 . All mass loss occurred between 380 and 485 °C, totalling a loss of 48%. The full range measured is shown in Figure S1 . The first derivative of the mass loss curve with respect to temperature reveals three distinct stages of mass loss with sharp losses at 394 and 400 °C, followed by a broader stage spanning 460-480 °C. The first stage effects a sharp loss in mass of about 6%, then at the second a loss of 7% is seen. The final stage is a broader range over which around 30% is lost to yield the stable final product of decomposition, which constitutes 52% of the initial mass; while Ag constitutes 42% of the mass of the molecule, the remaining 10% can be accounted for as non-volatile contaminants, primarily C, which occur under the anaerobic decomposition of silver(I) triflate and are later accounted for in the X-ray photoelectron spectroscopic (XPS) elemental analysis of the films. A comparable study of anaerobic thermal decomposition of silver(I) triflate is unavailable, however the silver(II) triflate has previously been studied by anaerobic TGA with tandem mass spectrometry (MS).
Malinowski et al. found that upon thermal decomposition, silver(II) triflate evolved gases with m/z signatures characteristic of SO3, C2F6 and (CF3)2SO3. 32 However, they also found that the onset of silver(II) triflate started at a much lower temperature than the silver(I) compound, beginning at 139 °C compared with 380 °C observed here.
Deconvolution of the decomposition pattern here is open to speculation; it should not be assumed that the silver(I) and silver(II) triflates decompose in the same manner.
There is no evidence to suggest that C2F6 or (CF3)2SO3 are formed upon decomposition of silver(I) triflate; indeed, both species require sufficient stability of CF3• radical species for diffusion to result in recombination either with other CF3• radicals to form C2F6, or at neighbouring triflate species to form (CF3)2SO3. We 8 suggest that the higher stoichiometry of triflate species in the silver(II) triflate as well as its lower decomposition temperature makes those processes more likely to occur in silver(II) than silver(I) triflate, and that the higher temperature of silver(I) triflate decomposition allows instead for formation of F• radicals and therefore F2 evolution.
Loss of each F atom from the silver(I) triflate unit effects a 7% mass loss, as such we propose that the initial two mass loss phases can be attributed to loss of the first two F atoms from the triflate, such that:
Following these two stages is a broader phase with about 30% mass loss, in which much of the remainder of the triflate species is lost. SO2 accounts for 25% of the mass of silver(I) triflate however the species formed upon decomposition of the SO3CF species are open to speculation.
Figure 3
Thermogravimetric analysis of the silver(I) triflate precursor, with the first derivative of the mass loss curve shown to illustrate significant stages of decomposition. The mass loss curve is corrected for temperature-dependent buoyancy using a linear fit to the low-temperature region.
Scanning electron microscopy
Metallic silver films were deposited onto SiO2-coated glass substrates from a methanol solution of silver(I) triflate via aerosol-assisted chemical vapor deposition (AACVD). Deposition occurred primarily on the glass lower plate, though thermophoretic effects lead to increased deposition on the steel upper plate with increasing substrate temperature. 19 Nitrogen was primarily used as the carrier gas, though depositions under air or a 5% H2/N2 mixture were also carried out, as summarized in Table 2 . The horizontal-bed nature of the AACVD reactor used here resulted in a variation of thickness spanning the length and width of the substrate. In the table given, comparisons are made between the thickest points of each film, typically a 1 × 1 cm 2 area, 2 cm from the reactor inlet in the centre of the glass. Scanning electron microscopy (SEM) shown in Figure 4 revealed a highly textured surface for all films. This is suggestive of a Volmer-Weber island growth mechanism which is typical for films grown via AACVD, and is indicative of a greater affinity of the precursor towards the growing film than towards the substrate. 33 Crosssectional SEM enabled thickness measurements of the films. Examples of these are shown in Figure 4 . Blanks appear in Table 2 where discontinuity of the film impeded reliable thickness determination. In comparing the top-down micrographs with the thicknesses, it becomes clear that thicker films yield larger grains, with a broadening particle size distribution with increasing thickness where smaller particles grow atop a base of larger interconnecting grains. This is a typical pattern for thin film growth arising from insular grain growth. 26 Top-down and cross-sectional micrographs for a wider range of film thicknesses are shown in Figure S2 . Deposition under air yielded yellow-brown, strongly-adhered transparent films with no conductivity, which in the SEM were revealed to have irregular grain size and shape distribution, with no connectivity between grains (see Figure S3 ). The transparency is evident in the transmission spectra shown in Figure S4 . The occurrence of irregular agglomerated features when depositing in the presence of O2 may be due to premature oxidation of the organic portion of the precursor, leading to Ag nucleation in the vapor phase rather than at the substrate surface. With film growth suppressed, Ag clusters may instead partially diffuse into the substrate, becoming embedded and granting mechanical resistance of the Ag against abrasion. Ag diffusion into metal-oxide substrates has been observed before by Kulczyk-Malecka et al. and is particularly prevalent in the temperature range 500-600 °C. 34 On the other hand, deposition under the hydrogen mixture yielded adherent but dark mirror-like films with a narrow distribution of small-size grains and poor conductivity (see Figure   S3 ), while lacking resistance to abrasion. This variability in film characteristics is typical of Ag film growth and is attributed largely to the microstructure -grain connectivity determines electrical characteristics, while grain size and spatial distribution determines colour and specular reflectivity and transmittance. 26, 35, 36 In general, the resistance to mechanical abrasion of silver films on oxide substrates is poor due to weak wetting between the noble metal and the dipolar surface beneath. 9 Deposition under a nitrogen flow of 1.0 L min -1 at 550 C yielded similarly adherent films with the best combination of electrical conductivity and reflectivity; a photograph showing an example of such a film is shown in Figure 5 . The thickest such films were 450 nm thick as determined by cross-sectional SEM, corresponding to a nominal growth rate of ca.
11 nm min -1 . This represents a manifold increase over most other depositions of Ag films by AACVD (see Table 1 ) and we attribute this observation to the thermal stability of the triflate precursor, which enables deposition at elevated temperatures and therefore enhanced precursor diffusion processes and subsequent film growth. 18 The superior performance of those films deposited under nitrogen was such that they form the focus of this work, although analysis of films deposited in the presence of air or H2 is also carried out where explicitly noted herein. with a concomitant increase in the Si-O-Si O1s peak (see Figure S5 ), while the highbinding energy peak at 536.1 eV agrees with previously observed O1s environments in fluorinated hydrocarbons at 535.9 eV. 41 These were also supported by the exclusive emergence of Si peaks and other glass species in survey scans of air-deposited films (see Figure S6 and S7). The S2p 3 /2 peak, shown in Figure S7 , occurred at 161.6±0.2 eV, congruous with the occurrence of organic S previously reported to appear at 161.5 eV. 42 This ruled out the occurrence of Ag2S, which usually appears at 160.7 eV, 43 in agreement with the lack of an Ag(I) signal.
Depth profiling was carried out by etching the films using an Ar + ion beam, scanning for the Ag3d, C1s, O1s (surface O-Ag and substrate O-Si), S2p and Si2p at each level. These are summarized in Figure 7 , with the same carried out for a film deposited using 5% H2/N2 for comparison. Previous work 8, 44 finds that Ag deposition with a small quantity of H2 assists in the reduction of halide contamination due to the formation of hydrogen halides, though there was no trace of F in any films deposited here, regardless of carrier gas. In the case of deposition from silver trifluoroacetate, hydrogen fluoride was reported form preferentially over CxHy such that solid C is codeposited with Ag. 44 Overall, S contamination levels in both samples were highest near to the surface of the film, falling from 11 at% at the surface in both films to 2.8- 
X-ray diffractometry
X-ray diffraction (XRD) patterns were typical of metallic Ag thin films which usually grow preferentially along the (111) direction, as evident in a representative diffractogram shown in Figure 8 (111) peak in the XRD patterns via the Scherrer equation, 46 shown in Figure 8(b) .
Here, the Scherrer equation takes the form:
where d is the crystallite diameter, k is the Scherrer constant equal to 0.9, λ is the wavelength of incident X-ray radiation in nm, Δ(2θ) is the full-width at halfmaximum of the (111) peak in radians and θ111 is the Bragg angle in radians. It has been observed previously that increased crystallite size is concurrent with thicker film deposition, 47 which is likewise observed in the relationship illustrated in Figure 8 (c).
Error in film thickness was determined using the standard error, = √ where SD is the standard deviation of n number of measurements, of multiple (at least three) thickness measurements across the length (ca. 1 cm) of each sample. We found that this method was a significant source of error (ca. 5-10 % margin), and since we were able to demonstrate a correlation between film thickness and XRD-determined crystallite diameter in Figure 8 clear that the electrical resistivity is reduced with increasing crystallite diameter (which is itself concomitant with increasing film thickness). Since increasing the crystallite diameter effects a reduction in the ratio of the grain boundary area to the grain volume, grain boundary scattering is likewise reduced such that the film becomes more 'bulklike' with increasing thickness. This indicates that charge carrier propagation in Ag thin films is a grain boundary-limited process, with film resistivity gradually moving toward the Ag bulk resistivity of 1.6 × 10 -6 Ω cm as crystallites become larger. 35 Indeed, this is a well-known property of polycrystalline metallic films and also applies to Al, Co, Ni,
Pd and Au films. 48 The lowest measured resistivity here of ρ = 5.0 × 10 -5 Ω cm is comparable with polycrystalline metallic silver films sputter-deposited in previous studies. 35
UV-visible spectroscopy
While thinner samples to the naked eye appeared mirror-like, thicker samples approaching 400 nm were white and matte in appearance, indicative of a developed surface microstructure which scatters visible light. This effect assists with the lighttrapping mechanism in photovoltaic devices, where minimization of reflective losses is conducive to increased device efficiency. 49 In order for visible light to be scattered, surface features ought to be of similar dimension to the wavelength of the light (ca.
400-750 nm), while samples with smaller surface features would be expected to effect less scattering of visible light. 50 Likewise, a correlation can be drawn between mean crystallite diameters as determined by XRD and specular reflectivity in Figure 9 whereby smaller crystallites comprise a film with a higher degree of specular reflectance. The apparent shift of a resonance maximum towards longer wavelengths with increasing crystallite diameter is typical of the transition of silver films from insular to continuous and is attributed to increasing electron mean free path length in the films. 51 
Conclusion
The self-metallization of silver(I) triflate has been adopted for the aerosolassisted chemical vapor deposition of metallic silver thin films on glass at atmospheric pressure. As compared with air or 5% H2 in N2, an inert nitrogen deposition environment was found to be best suited in order to obtain the most desirable properties of low contamination and high electrical conductivity, with deposition carried out at 550 C. The effect of varying crystallite diameter from 38 to 44 nm was studied by varying film thickness from 170 to 240 nm, with the outcome of reducing electrical resistivity from ρ = 2.8 × 10 0 to 5.0 × 10 -5 Ω cm and specular reflectance from 11 to 3 %. Elemental analysis revealed that the silver(I) triflate precursor is strongly selfmetallising and yields exclusively the metallic phase, even when depositing in air.
Deposition using silver(I) triflate occurred at a maximum observed growth rate of 11 nm min -1 , a manifold increase over many previously reported Ag thin film chemical vapor deposition processes on non-metallic substrates. The presented method for deposition of metallic silver films is facile, uses a low-cost readily commerciallyavailable precursor and provides a means of obtaining metallic silver films with microstructural control. 
